In addition to providing information with regard to the status of carbohydrate metabolism, the time course of the disappearance of injected glucose from the blood stream offers information concerning the overall effectiveness of a variety of physiological mechanisms involved in maintaining homeostasis. In a number of investigations, reduction in glucose tolerance, i.e., a slower rate of return to fasting levels of blood sugar following the oral (1-17) or intravenous (18) (19) (20) administration of glucose, has been reported in older people. The diminished glucose tolerance in the older individual might be due to: (a) inadequate release of insulin from the pancreas, or greater inactivation of endogenously released insulin, (b) the loss of functioning protoplasm with increasing age so that less metabolizing tissue is removing glucose from the blood, (c) a diminution in the effectiveness of the metabolic processes involved in the removal of sugar from the blood stream, (d) alterations in the rate of release of glucose from the liver, or (e) a reduction in the volume in which the glucose is originally distributed in the aged. By comparing the glucose and glucose-insulin tolerance tests in the same individual, an estimate of the effect of insulin may be obtained (21) (22) (23) (24) (25) (26) (27) . In the experiments to be reported, standard amounts of insulin were administered along with glucose to both old and young subjects with the aim of investigating age differences in the response to the insulin. Table I . Experimental procedure. The intravenous glucose tolerance test (GTT) and the glucose-insulin tolerance test (GITT) were performed in each subject under basal conditions and separated by an interval of not less than one week. In 8 of the subjects, each of the tests (GTT and GITT) was carried out twice in order to evaluate reliability.
(Submitted for publication August 18, 1956 ; accepted November 7, 1956) In addition to providing information with regard to the status of carbohydrate metabolism, the time course of the disappearance of injected glucose from the blood stream offers information concerning the overall effectiveness of a variety of physiological mechanisms involved in maintaining homeostasis. In a number of investigations, reduction in glucose tolerance, i.e., a slower rate of return to fasting levels of blood sugar following the oral (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) or intravenous (18) (19) (20) administration of glucose, has been reported in older people. The diminished glucose tolerance in the older individual might be due to: (a) inadequate release of insulin from the pancreas, or greater inactivation of endogenously released insulin, (b) the loss of functioning protoplasm with increasing age so that less metabolizing tissue is removing glucose from the blood, (c) a diminution in the effectiveness of the metabolic processes involved in the removal of sugar from the blood stream, (d) alterations in the rate of release of glucose from the liver, or (e) a reduction in the volume in which the glucose is originally distributed in the aged. By comparing the glucose and glucose-insulin tolerance tests in the same individual, an estimate of the effect of insulin may be obtained (21) (22) (23) (24) (25) (26) (27) . In the experiments to be reported, standard amounts of insulin were administered along with glucose to both old and young subjects with the aim of investigating age differences in the response to the insulin. a subject from the study: (a) history or known evidence of diabetes or glycosuria, (b) severe alcoholism, hepatomegaly, cirrhosis or other liver disease, (c) cardiac decompensation or edema, (d) infections, temperature elevation or acute or chronic trauma (including surgical) within one week of test, or (e) the taking of steroid drugs (other medication such as aspirin was omitted for 12 hours preceding the tests). All were ambulatory in-patients on a routine full hospital diet for at least one week. Fasting blood sugars were within normal limits (27, 28) as shown in Table I . Experimental procedure. The intravenous glucose tolerance test (GTT) and the glucose-insulin tolerance test (GITT) were performed in each subject under basal conditions and separated by an interval of not less than one week. In 8 of the subjects, each of the tests (GTT and GITT) was carried out twice in order to evaluate reliability.
Twenty minutes before either test was begun, a modified Lindeman needle was placed in an antecubital vein and left in place for the duration of the test. The needle was kept patent by heparinization of the stylus and was used subsequently only for withdrawing blood specimens without a tourniquet (29) . A vein in the opposite arm was used for the injection of 50 ml. of 50 per cent glucose in water over a period of two minutes. For the GITT, 5 units of hyperglycemic factor-free insulin8 (Lilly), per square meter of body surface area, were rapidly injected, followed immediately by the standard amount of glucose. The fasting blood specimen was obtained through the Lindeman needle a few minutes before zero time, which was recorded as the beginning of the injection of glucose.
Blood samples were collected at 5-minute intervals for the first hour and at 20-minute intervals during the second hour, and were placed immediately in tubes containing a dried heparin and sodium fluoride mixture. All analyses were completed the day of the test, using the Nelson-Somogyi method (30) . Determinations were in duplicate and were read on a Model DU Beckman Spectrophotometer.
Data analysis. For each tolerance test, the observations obtained between 10 and 60 minutes of the experiment were fitted to the equation log.y = log.A -kt (y = Aekt) where y is the blood glucose concentration in 3 We are indebted to Dr. W. R. Kirtley of Eli Lilly and Company for supplying us with HGF free Z.I.C. 40 units per ml. Age changes in the data were evaluated by determining the regression of the derived measures on age and also by comparing mean values for three groups: young (12 subjects, age 20 to 39 years), middle (11 subjects, age 40 to 59 years), and old (12 subjects, age 60 to 90 years).
RESULTS

Characterization of the subjects
No significant (P = > 0.10) differences were found among the three age groups with respect to body weight, surface area or dose of glucose per Kg. of body weight (Table I) . A small, but statistically significant, increase in fasting venous blood sugar sample. levels with age was observed in this
Reliability of methods
The standard deviation of repeated glucose determinations on a single filtrate was + 1.1 mg. per cent (N = 58). Comparing two filtrates, prepared from the same blood sample, the standard deviation was 2.1 mg. per cent (N = 53).
There was no systematic difference between fasting blood sugar levels determined on the same individual on different days. The standard error of estimate between measurements made on the first and second days was ± 6.5 mg. per 100 ml. 4 In the 8 subjects (4 old and 4 middle-aged) who had duplicate glucose tolerance and glucoseinsulin tolerance tests, no significant differences occurred between the results of the first and second tests, with respect to ki or kGI. The groups in Figure 1 . The rate of fall in blood glucose level was greater for the young thn for the old subjects under both expeimental conditions. When tests of significance of age differences were applied to specific time points along the glucose or glucose-insulin tolerance curves, true differences (P < 0.001) were found between young and old subjects at 15, 30 , and 60 minutes after injection of the glucose. Differences over shorter age spans, i.e., between young and middle, and middle and old subjects, were usually significant at P < 0.01 or P < 0.05. Figure  2A and 2B. Figure 3 shows the log of the mean glucose values for the three groups of 8 subjects, plotted against time after glucose administration. Deviations from linearity are apparent in all curves beyond 50 or 60 minutes. Therefore, the expression logey = logeA -kt fails to describe the total process, but may be used to derive an index of the rate of disappearance of glucose from the blood during the first 50 to 60 minutes of the experiment. Examination of Figure 3 shows that: (a) the early rate of disappearance of excess of glucose from the blood was more rapid in the young than the old, (b) the rate of disappearance was increased in all age groups by the simultaneous administration of insulin, and (c) the influence of insulin was greater in the young than the old subjects.
Computations by the method of least squares of the slope for each individual test provided data for estimates of the variability of k within each age group. Tables II, III , and IV present the values of k for both the GTT and the GITT with increasing age. Average values of k, expressed as per cent per minute, for the young and old, respectively, were as follows: k0, 1.68 and 0.98; kGI, 6.39 and 2.49, and A k (kG1 -ks), 4.12 and 1.52. Values of P were less than 0.01 for these age differences. Regressions of k on age were significant at the 0.01 level for kG and at less than 0.001 for kGI and A k. The effect of insulin in the average adult male was to increase the rate of fall in blood glucose level from 1.37 per cent per minute to 4.15 per cent per minute.
DISCUSSION
Subject selection-Activity and diet Since age differences in glucose tolerance are relatively small, it is necessary to give careful consideration to the selection of subjects. In order to minimize the effects of prior diet, which has been shown to have an influence on the glucose tolerance (33) (34) (35) (36) , only subjects who had been on a standard hospital diet for at least one week were tested in the present series.
Since reduced activity has been shown to reduce glucose tolerance (36, 37), only ambulatory patients were studied. The young subjects were also patients drawn from an ambulatory inhospital population. Thus, the level of activity was probably more uniform between the different age groups than would have been the case had staff members been used for the younger age groups.
Dose of glucose and insulin
Although different amounts of glucose have been used by previous investigators, recent studies have shown that adjustment of the dose of glucose to body size is unnecessary (18, 28, 38) .
Consequently, a standard dose of 25 Gm. of glucose was administered at a uniform rate (18, 38) to all subjects in the present study. The glucose load varied from 0.57 Gm. per Kg. to 0.27 Gm. per Kg. in different subjects, but there were no systematic differences between age groups (Table I ). The dose of insulin was set at 5 units per M.2, which is approximately 0.1 unit per Kg. body weight. Experimental studies (22-24, 27, 39-41) indicate that insulin gives a maximum effect on rate response at dose levels of 0.05 unit per Kg. and up to 0.3 unit per Kg. The effect of differences in endogenous insulin production would be obliterated at this dose range of injected insulin.
Comparison of venous and arterial blood samples
Nelson's modification of the Somogyi method (30) was used for sugar determination in this study in order to minimize the effects of nonfermentable reducing substances (42, 43) . The use of venous blood samples in conjunction with an indwelling needle has the advantages of good patient acceptability and a minimum of patient trauma (44) (45) (46) . Although the differences between arterial and venous blood glucose levels are small under fasting conditions (arterial bloods average 9 mg. per 100 ml. higher than venous), there is a wide range of individual variation (1 to 17 mg. per 100 ml. in normal subjects) and the difference increases markedly (average 30 to 43 mg. per 100 ml.) following the administration of glucose (43, 47) . Since Blotner (37) has found that glucose tolerance determined on venous blood samples was influenced less by physical activity in both children and adults than were estimates derived from capillary blood samples, it follows that the use of venous blood might be a more adequate test of age differences in glucose tolerance.
Since previous studies of glucose tolerance from this laboratory were based on arterial blood samples (19) , the data were fitted to the tolerance equation. A total of 64 subjects, divided into three age groups, were tested under conditions closely approximating the present study, except that blood samples were drawn from the femoral artery (19) . Insulin was not given. Table V gives the k values based on arterial blood samples.5 As was true for venous blood samples, there was a significant decrement in kG with increasing age. However, the trend toward increasing fasting blood sugar levels with age, found in the present study on venous blood and in the report on capillary blood by Schneeberg and Finestone (20) , was not apparent in arterial blood.
The tolerance equation
One simple expression which can serve to express the rate of disappearance of glucose from 5Arterial k values were based on a visual fit. A com- parison between the derivations of k by least squares and graphic estimates, made from a visually fitted line using the venous data, gave mean values of 137 (k X 10') for both methods for the GTT (r = 0.96). For the GITT, the mean values of k by the least squares' method was 415 as compared to 439 by the visual method (r = 0.89). Age did not influence the correlation between methods. Thus, a visual fit to the data yields substantially the same results as analysis by least squares. However, the latter permits a quantitative statement of the "goodness of fit" of the equation. This is not possible when the visual method above is used. Age did not influence the goodness of fit.
the blood, as a single number, is the equation logey = logoA-kt (48) (49) (50) (51) . If one assumes that no distinction is made between the glucose added to the blood from an external source and the glucose added by the liver or other cells of the body, the estimates of the slope of the curve must be made on the total glucose content at successive time intervals. This assumption may be applied safely only to the early parts of the curve, since it is obvious that alterations in the glucose concentration will be introduced by other processes in the body which tend to add glucose to the circulation, particularly when blood sugar levels fall to low values, as in the case when insulin is administered. Greville (50) as well as Hlad, Elrick, and Witten (32) found that subtraction of a calculated asymptotic value of blood sugar level resulted in a somewhat better fit to glucose tolerance data beyond 90 minutes. In this study where curves were limited to the first 60 minutes, the fit was very good; the introduction of an asymptote had only a small insignificant effect on goodness of fit. Furthermore, the use of an asymptote gave rise to difficulties in comparing the GTT and the GITT, since subtraction of a calculated asymptote for the glucose-insulin curves often resulted in values less than zero. Although the value of k is related to the level of the asymptote, both parameters are determined by the same set of experimental points.
In agreement with other studies (49) (50) (51) , the blood glucose level at 5 minutes, following the injection, was found to be higher than predicted from the exponential curve, suggesting an interaction with the early extra-cellular mixing phase. By 10 minutes after the glucose injection, the mixing phase is indistinguishable from the body of the curve. Conard (53) , it appears that the values of k are determined by the distribution of glucose in the intra-cellular fluids and metabolic pathways, and are influenced very little by extra-cellular mixing and not in a manner which is age biased.
Age differences
Although there is an overall reduction in the rate of removal of glucose from the blood and a reduced response to insulin with increasing age, it cannot be assumed that this reduction is necessarily associated with altered cellular metabolism. A similar overall effect could result from a reduction in the number of metabolizing units. Other studies from this laboratory have indicated a gradual loss of metabolizing tissue with increasing age (54). This conclusion is based on the observed decrease in intra-cellular water (antipyrine space minus thiocyanate space) with age. The intra-cellular space, calculated in this fashion, averages 10.5 L. in young and 8.6 L. in aged subjects; a reduction of 18 per cent. Over the same age span, k shows a reduction of 42 per cent for the glucose tolerance data and 61 per cent for the glucose-insulin tests. Although the data do not represent observations made on the same subjects, and the dimensions are incongruous, it seems difficult to account for all of the changes observed on the basis of a loss of functioning protoplasm alone.
It is conceivable that the age differences in the rate of removal of glucose from the blood might be due to differences in blood flow and delivery of glucose to the tissues. Clearly, a reduction in the total amount of blood delivered, per unit of time, would influence k if all the glucose were removed in a single passage through a vascular bed. However this is not the case. If there were a substantial reduction in blood flow to tissues in the older subject, an increase in the A-V difference should appear. Since we do not have simultaneous arterial and venous glucose levels on the same subjects, no final decision can be reached on this question, but it does not seem likely that differences in blood flow can account for the age differences observed.
It is recognized that the concentration of glucose in the blood at any given time represents an equilibrium between the rate of removal and the rate of release of glucose from the liver. The differential effect of insulin in the three age groups makes it improbable that the results obtained can be ascribed to differences in the rate of release of glucose from the liver in the old and young subjects. Recent studies indicate that the early effect of insulin action is that of increasing peripheral uptake and metabolism of glucose. The liver response is minimal and delayed (55) .
Inactivation of insulin by a plasma constituent may be a factor in some phases of diabetes, particularly in regard to the mechanism of clinical insulin resistance. Welsh, Henley, Williams, and Cox (56) studied the plasma binding of insulin I1's in 118 subjects, 43 of which were non-diabetic ranging from 14 years to 90 years of age. Analyzing their data with reservation for the inclusion of patients with other active disease in their group of non-diabetic controls, no trend is discernible between the age of the subject and the potential insulin inactivation by plasma binding.
Although proof cannot be offered, it seems reasonable to assume that at least part of the age differences can be ascribed to alterations in the metabolic effectiveness and response of the functioning cells in the aged male.
SUMMARY
Intravenous glucose tolerance and glucoseinsulin tolerance tests were performed on 35 normal male subjects under standardized conditions using venous blood samples. The subjects ranged in age from 23 to 86 years. Blood samples drawn at 5-minute intervals, between 5 and 60 minutes after administration of 25 Gm. glucose, were analyzed for glucose by the Nelson method. The rate of fall of the blood sugar level between 10 and 60 minutes was determined by fitting the experimental points to the equation logey = logeAkt. A significant decrease in k with age was observed in both the glucose and the glucose-insulin tolerance curves. The administration of insulin had a greater effect on the rate of disappearance of glucose from the blood in the young than the old subjects. It is proposed that the age difference may result from both a reduction in the amount of functioning protoplasm and an alteration in intra-cellular glucose metabolism.
